1. Introduction {#s0005}
===============

Cardiovascular disease (CVD) is a major factor affecting the prognosis of patients with chronic kidney disease (CKD), among whom the morbidity and mortality are respectively 10- to 20-fold higher than those in age- and sex-matched healthy people [@bib1], [@bib2]. Endothelial dysfunction, including inappropriate regulation of vascular tone, activated inflammatory response and impaired antithrombogenic property, is a key step in the development of atherosclerotic CVD [@bib3], [@bib4]. Accumulating evidence indicates that endothelial dysfunction occurs in patients with CKD [@bib5], [@bib6]. Although CKD patients have increased levels of traditional cardiovascular risk factors, i.e., hypertension, diabetes and hyperlipidemia [@bib7], these factors cannot fully explain the high risk of CVD in patients with CKD. Accumulating evidence shows that the accumulation of uremic toxins also play a vital role in CKD-associated endothelial dysfunction [@bib8].

Protein-bound toxins cause damage to multiple organs due to poor clearance by dialysis [@bib9], [@bib10]. Hippurate, an example of such a toxin, mainly comes from plant food and exists in the human body at a level of \< 5 mg/l. In patients with CKD, hippurate concentration dramatically increases and can become as high as 471 mg/l (2.6 mmol/l) [@bib10]. Recent studies have suggested that hippurate can increase reactive oxygen species (ROS) production in endothelial cells [@bib9], and may be involved in endothelial dysfunction [@bib11]. Besides, with the increase in serum hippurate level, the tendency of cardiovascular mortality and all-cause mortality of patients with end-stage renal disease (ESRD) increases [@bib12], [@bib13]. All the evidences indicate that hippurate may play a certain role in promoting endothelial dysfunction and CVD in CKD patients. However, the underlying mechanisms remain unclear.

Mitochondria are major sites for ROS production. In recent years, the dynamics of mitochondria, especially mitochondrial fusion and fission, has aroused widespread interest. Normally, mitochondrial fusion and fission are in dynamic equilibrium. The intact mitochondrial membrane structure helps to prevent excessive ROS production. When mitochondrial fission becomes dominant, mitochondrial fragmentation and ROS production increase. Dynamin-related protein 1 (Drp1) is the major regulator of mitochondrial fission. Increased Drp1 expression induces mitochondrial fission. Existing studies have demonstrated that Drp1-mediated mitochondrial fission can induce oxidative damage and promote endothelial dysfunction under conditions of high glucose or hypoxia/reoxygenation injury [@bib14], [@bib15], [@bib16].

In the present study, we examined (1) endothelial toxicity due to hippurate in vitro and in vivo, (2) the role of Drp1, and (3) the relationship between Drp1-mediated mitochondrial fission and hippurate-induced endothelial dysfunction.

2. Materials and methods {#s0010}
========================

2.1. Reagents {#s0015}
-------------

Hippurate and mitochondrial division inhibitor 1 (mdivi-1) were purchased from Sigma-Aldrich (USA). These agents were dissolved in dimethyl sulfoxide (DMSO) as a stock solution and the final working concentration of DMSO was \< 0.1% (v/v). Acetylcholine (ACh), sodium nitroprusside (SNP) and phenylephrine hydrochloride (PE) were purchased from Sigma-Aldrich for assessment of relaxation in aortic rings. Primary antibodies information (name, company, catalogue number, molecular weight) was shown in [Supplemental Table 1](#s0150){ref-type="sec"}.

2.2. Cell culture {#s0020}
-----------------

Human aortic endothelial cells (HAECs) were purchased from ScienCell Research Laboratories and cultured with the endothelial cell medium supplemented with fetal bovine serum (5%v/v), penicillin (10,000 U/mL), streptomycin (10,000 µg/mL), and endothelial cell growth supplement at 37 °C in a humidified incubator under 5% CO~2~ atmosphere. Only three to six passages of HAECs were used in these experiments.

2.3. RNA interference {#s0025}
---------------------

For small interfering RNA (siRNA) treatment, we grew HAECs to approximately 50% confluence, transfected them using Lipofectamine RNAiMax (Invitrogen, USA) and validated the efficiency of transfection with Drp1-specific siRNA or a negative control siRNA (GenePharma, China). After 6 h, normal culture medium was added to the cells. Efficiency of knockdown was confirmed using quantitative reverse transcription polymerase chain reaction (qRT-PCR).

2.4. Animal models {#s0030}
------------------

Male Wistar rats were obtained from Beijing Vital River Laboratory Animal Technology Co. Ltd., China. The rats were housed in temperature-controlled cages under a 12-h light/12-h dark cycle with free access to food and water. An experimental CKD model was established in 6-week-old rats by 5/6 nephrectomy with a 2-step surgical procedure as previously described [@bib17]. Briefly, the upper and lower poles of the right kidney were resected. One week later, the left kidney was removed after ligation of the renal blood vessels and the ureter. For the sham operation, only the adipose capsule was isolated, and the kidney tissue was retained. For the CKD model, we studied the following four groups (n = 6--7/group): (1) Sham group, sham-operated rats treated daily with DMSO as vehicle by intraperitoneal (i.p.) injections; (2) Sham+mdivi-1 group, sham-operated rats treated with mdivi-1 by i.p. injections at a dose of 1.2 mg/kg/d; (3) CKD group, 5/6 nephrectomy-treated rats treated daily with DMSO as vehicle by i.p. injections; and (4) CKD+mdivi-1 group, 5/6 nephrectomy-treated rats treated with mdivi-1 by i.p. injections at a dose of 1.2 mg/kg/d.

To investigate the effect of hippurate on endothelial dysfunction, we established a chronic hippurate model. Healthy 6-week-old rats were given daily i.p. injections of 50 mg/kg hippurate or hippurate-free DMSO (control group) for 6 weeks. For the hippurate model, we studied the following four groups (n = 6--7/group): (1) Control group, healthy rats treated daily with DMSO as vehicle by i.p. injections; (2) Control+mdivi-1 group, healthy rats treated with mdivi-1 by i.p. injections at a dose of 1.2 mg/kg/d; (3) Hippurate group, healthy rats treated daily with hippurate by i.p. injections; and (4) Hippurate+mdivi-1 group, healthy rats treated with a mixture of hippurate and mdivi-1.

The animal protocol was reviewed and approved by the Institutional Animal Care and Use Committee of the Chinese PLA General Hospital.

2.5. Laboratory measurements {#s0035}
----------------------------

At the end of the experiment, the rats were intraperitoneally anesthetized with 2% pelltobarbitalum natricum (Solarbio, China), and blood was obtained from abdominal aorta and centrifuged for 15 min at 3000 rpm to separate the serum.

Serum hippurate was measured by liquid chromatography tandem mass spectrometry (LC/MS). Hippurate was separated by a Dionex Ultimate 3000 RSLCnano system (Thermo Fisher Scientific, USA) using a Hypersil Gold column (2.1 × 100 mm, inner diameter 1.9 µm, Thermo Fisher Scientific). The column temperature was set to 20 °C, and 1 µl of sample was injected to the LC system at a flow rate of 0.5 mL/min. The mobile phase was composed of (A) 10 mmol/l ammonium formate in water and (B) acetonitrile (A:B=1:9). The mass spectrometer was operating with positive ionization in the selected reaction monitoring (SRM) mode. Electrospray settings of the assay were a 4002 V spray voltage and a 300 °C capillary temperature. High purity argon was used as the collision gas. Sheath gas pressure was 40Arb and aux gas pressure (nitrogen, purity≥ 99.9%) was 10Arb. Hippurate was monitored at *m/z* 179.9→105 and the internal standard amitriptyline hydrochloride at *m/z* 278.2→91.0.

2.6. Measurement of endothelial function {#s0040}
----------------------------------------

Rat aortas were quickly dissected out after anesthesia, placed in Krebs--Henseleit solution (in mmol/l: NaCl 115, CaCl~2~ 2.5, KCl 4.6, KH~2~PO~4~ 1.2, MgSO~4~·7H~2~O 1.2, NaHCO~3~ 25, glucose 11.1, with a pH of 7.4) at 4 °C, and fat and connective tissue were cleaned off. The isolated aortas were cut into 3--4 mm sections and passed through the lumen of the vascular segment by 2 parallel steel triangles -- one was fixed to an organ bath and the other connected to a tension transducer (TSD125B; Biopac) linked to AcqKnowledge software (MP150; Biopac). Aortic rings were bathed in 15 mL of Krebs--Henseleit solution, gassed with 95% O~2~ + 5% CO~2~ at 37 °C and equilibrated for 60 min with 2.0 g of basal tension as previously described [@bib18]. After equilibration, the rings were incubated with 60 mmol/l KCl to determine maximum contractility. After washing, followed by equilibration for another 30 min, we evoked contractile response by PE (1 µmol/l) to elicit reproducible responses. At the plateau of contraction, accumulative Ach (10^−9^−10^−5^ mol/l) or SNP (10^−9^−10^−6^ mol/l) was added into the organ bath to induce endothelium-dependent/independent relaxation.

2.7. Cell viability assay {#s0045}
-------------------------

Cell Counting Kit-8 (CCK8, Dojindo, Japan) was used to assess the effect of hippurate on cell viability. HAECs were seeded at the density of 4000 cells/well in a 96-well plate and allowed to attach overnight for 24 h, then the medium was changed to fresh medium containing different concentrations of hippurate (0, 1, 2, 4 mmol/l). After treatment for 48 h, 10 µl CCK-8 reagent was added to per well and reacted for 4 h. Absorbance was evaluated at 450 nm using a microplate spectrophotometer (iMark™, Bio-Rad, USA). The relative cell viability of normal control group was taken as 100% of viability.$${Cell\ viability\ of\ each\ group} = \left\lbrack {\left( {{As} - {Ab}} \right\rbrack/\left( {{Ac} - {Ab}} \right)} \right\rbrack \times {100}\%$$As: Experimental wells (culture medium containing cells, CCK8 and hippurate)Ac: Control wells (culture medium containing cells, CCK8, without hippurate)Ab: Blank wells (culture medium containing CCK8, without cells and hippurate)

2.8. Assessment of total intracellular ROS and mitochondrial ROS {#s0050}
----------------------------------------------------------------

The levels of mitochondrial ROS (mitoROS) in HAECs were detected using MitoSOX Red dye (Invitrogen, USA). After treatment, cells were incubated in Hank\'s balanced salt solution containing 5 µmol/l MitoSOX Red at 37 °C for 10 min in the dark. After incubation, the cells were rinsed twice with PBS to remove the dye. To visualize total intracellular ROS production in the vascular endothelium, freshly isolated aortas were stained with dihydroethidium (DHE, 10 µmol/l, Beyotime, China) in a light-protected humidified chamber at 37 °C for 30 min. The fluorescence of MitoSOX Red and DHE was detected by fluorescence microscopy. Quantification of fluorescence intensity was measured using ImageJ software.

2.9. Electron microscopy {#s0055}
------------------------

After treatment, cells and tissues were immediately fixed with 2.5% glutaraldehyde at 4 °C, post-fixed in 1% osmium tetroxide, dehydrated in graded methanol, and then embedded in epoxy resin (EMbed-812; Electron Microscopy Sciences, USA). A JEO-1400 transmission electron microscope was used to observe mitochondrial pathological changes.

2.10. Mitochondrial morphology and mitochondrial membrane potential analysis {#s0060}
----------------------------------------------------------------------------

The change in mitochondrial morphology was detected using MitoTracker Green (Beyotime). After treatment, cells were washed with PBS and then incubated with 100 nmol/l MitoTracker Green for 20 min at 37 °C. The structure of the mitochondria was observed by confocal microscopy. The mitochondrial membrane potential was detected using a JC-1 Kit (Beyotime), and images were obtained by a confocal laser-scanning microscope. Quantification of fluorescence intensity was measured using ImageJ software.

2.11. Western blot analysis {#s0065}
---------------------------

Western blot assays were used to analyze the protein expression of Drp1, fission 1 (Fis1), mitochondrial fission factor (Mff), endothelial nitric oxide synthase (eNOS), intercellular cell adhesion molecule-1 (ICAM-1), and von Willebrand factor (vWF). Cells and aorta tissues were lysed in RIPA buffer containing the protease inhibitor phenylmethanesulfonyl fluoride (PMSF), and the protein concentration was determined using the bicinchoninic acid (BCA) method. Total protein (50--80 µg) was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto a nitrocellulose filter membranes, followed by incubation with primary antibodies against Drp1 (1:200), Mff (1:200), Fis1 (1:200)，eNOS (1:1000), ICAM-1 (1:200), and vWF (1:200) overnight at 4 °C. After washing with Tris-buffered saline and Tween 20, the membrane was incubated with secondary antibody at room temperature for 60 min. The results were analyzed using ImageJ software. β-Actin was used as an internal reference.

2.12. Real-time PCR quantitative analysis {#s0070}
-----------------------------------------

RNA was extracted from HAECs using TRIzol. The concentration of RNA was assessed using a NanoDrop 2000c spectrophotometer. The reverse transcription system included 5 × RT master Mix (2 µl, TOYOBO, Japan), RNA template (1 µg), and RNase-free water in a final volume of 10 µl. The reaction conditions were as follows: 37 °C for 15 min, 50 °C for 5 min, and 98 °C for 5 min. Real-time PCR was performed using a SYBR probe (Applied Biosystems, USA). An ABI 7900HT (Applied Biosystems, USA) thermocycler was used for qPCR amplifications. Relative expression (fold change vs. control) was calculated with the 2^-ΔΔCt^ method using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as the reference. The primer sequences used are shown in [Supplemental Table 2](#s0150){ref-type="sec"}.

2.13. Immunohistochemical and immunofluorescence staining {#s0075}
---------------------------------------------------------

Immunohistochemical staining was performed on paraffin sections of thoracic aortas by the avidin-biotin complex method to detect the expression of Drp1, eNOS, ICAM-1, and vWF as previously described [@bib19]. The sections were manually analyzed with an Olympus IX51 biomedical image analysis system. Immunofluorescence staining was performed on aortic roots. Aorta slices were incubated overnight with primary antibodies at 4 °C. After rewarming at 37 °C for 1 h, the appropriate secondary antibodies were used. The nuclei were stained with 4′,6-diamidino-2-phenylindole. The grade of fluorescence intensity was measured using ImageJ software.

2.14. Statistical analysis {#s0080}
--------------------------

All data are expressed as the mean±SD. Multiple measures of the same index at different time points were analyzed using multivariate repeated measures analysis of variance (ANOVA), and comparisons between groups at the same time point were performed using ANOVA for a completely randomized design. Pairwise comparisons of the means between multiple samples were conducted using Dunnett\'s *t*-test and the Student-Newman-Keuls (SNK)-q test. Two independent samples with normal distribution and homogeneity of variance were analyzed using *t*-tests. Multiple independent random samples were analyzed using single-factor ANOVA. Two-tailed P values less than 0.05 were considered statistically significant. Statistical analyses were performed using SPSS 19.0.

3. Results {#s0085}
==========

3.1. Hippurate promotes endothelial dysfunction in a time- and dose-dependent manner {#s0090}
------------------------------------------------------------------------------------

Hippurate, a protein-bound toxin, interacts negatively with biologic functions. In this study, we set four levels of hippurate (0, 1, 2, 4 mmol/l) based on serum hippurate concentrations of ESRD patients (2.6 mmol/l) and used CCK8 assay to evaluate whether hippurate can affect cell viability. As shown in [Supplemental Fig. 1](#s0150){ref-type="sec"}, hippurate had no impact on cell viability at the concentrations used. To test the pro-inflammatory and pro-atherogenic effects of hippurate on the endothelium, we treated HAECs with increasing concentrations of hippurate at different stimulation time. Remarkably, hippurate reduced the protein and mRNA levels of eNOS and increased ICAM-1 and vWF expression in a time- ([Fig. 1](#f0005){ref-type="fig"}A-C) and dose-dependent manner ([Fig. 1](#f0005){ref-type="fig"}D-F).Fig. 1Hippurate induces endothelial dysfunction via excessive mitochondrial ROS in vitro. Human aortic endothelial cells (HAECs) were treated with hippurate (1--4 mmol/l) for 12--48 h, in the presence or absence of mitochondrially targeted antioxidant MitoTEMPO (20 μmol/l). A time-dependent (A-C) and dose-dependent (D-F) changes in the protein and mRNA levels of eNOS, ICAM-1 and vWF. The levels of protein and mRNA expression were normalized relative to non-treatment group (control). (G-I) MitoTEMPO increased eNOS and decreased ICAM-1, vWF at both protein and mRNA levels. \*P \< 0.05 vs. control, \#P \< 0.05 vs. 4 mmol/l 48 h hippurate.Fig. 1

3.2. Hippurate induces the mitochondrial ROS production, which contributes to endothelial dysfunction {#s0095}
-----------------------------------------------------------------------------------------------------

Since many studies have found that ROS derived from mitochondria plays an active role in endothelial dysfunction [@bib20], we used MitoSOX Red to detect whether hippurate could induce mitoROS production in endothelial cells. Of note, after stimulation with 4 mmol/l hippurate for 48 h, mitoROS levels were significantly elevated ([Fig. 3](#f0015){ref-type="fig"}A, B). To further demonstrate the role of mitoROS production in hippurate-induced endothelial dysfunction, we used the mitochondrially targeted antioxidant MitoTEMPO. When HAECs were pretreated with 20 µmol/l MitoTEMPO for 2 h, mitoROS production was reduced to a relatively low level ([Fig. 3](#f0015){ref-type="fig"}A, B), and cell injury was mitigated, marked by an increased eNOS expression and decreased ICAM-1 and vWF expression ([Fig. 1](#f0005){ref-type="fig"}G-I). These results indicated that mitoROS contributes to hippurate-induced endothelial dysfunction.

3.3. Effect of hippurate on mitochondrial fission and dynamic proteins in human aortic endothelial cells {#s0100}
--------------------------------------------------------------------------------------------------------

Previous studies have demonstrated that mitochondrial fission is an upstream causal factor for ROS overproduction [@bib21]. To investigate whether hippurate induces mitoROS production by increasing mitochondrial fission, we first assessed mitochondrial morphology and the expression of mitochondrial fission-related proteins, including Drp1, Mff and Fis1, in HAECs exposed to hippurate. Under electron microscopy, the mitochondria in normal endothelial cells displayed a long rod-shaped morphology with integrated double membranes and tight cristae. In contrast, most mitochondria decreased in size and became punctate in hippurate-treated endothelial cells ([Fig. 2](#f0010){ref-type="fig"}A), indicating mitochondrial fragmentation. MitoTracker Green fluorescence indicated that normal mitochondria are elongated and tubular in shape forming highly interconnected networks, whereas hippurate induced numerous round mitochondrial fragments ([Fig. 2](#f0010){ref-type="fig"}B). In addition, western blot and qPCR results also showed that hippurate increased protein and mRNA levels of Drp1 without affecting the levels of Mff and Fis1 ([Fig. 2](#f0010){ref-type="fig"}C-E).Fig. 2Dynamin-related protein 1 (Drp1) mediates mitochondrial fission in hippurate-treated endothelial cells. Human aortic endothelial cells (HAECs) were treated with 4 mmol/l hippurate for 48 h. (A) Representative transmission electron microscopic (TEM) images of mitochondria in HAECs. (B) Mitochondria in HAECs were labeled with MitoTracker Green staining (original magnification 2400 ×), and mitochondrial morphology was analyzed using confocal laser-scanning microscopy. (C-E) Protein and mRNA levels of mitochondrial fission--related proteins (Drp1, Mff and Fis1) in HAECs exposed to hippurate. (F-H) HAECs were transfected with control siRNA (Ctrl-siRNA) or Drp1-siRNA for 6 h, then treated with 4 mmol/l hippurate for 48 h. Knockdown of Drp1 expression was assessed by western blot and qRT-PCR. \*P \< 0.05 vs. control.Fig. 2

3.4. Drp1-mediated mitochondrial fragmentation triggers mitochondrial ROS production {#s0105}
------------------------------------------------------------------------------------

We next used a Drp1 inhibitor to examine the contribution of Drp1 to mitochondrial fission and ROS production in hippurate-treated endothelial cells. As shown in [Fig. 2](#f0010){ref-type="fig"}F-H, Drp1-specific siRNA transfection significantly reduced the protein and mRNA levels of Drp1. The inhibition of Drp1 (with mdivi-1 and Drp1-specific siRNA) attenuated mitochondrial fragmentation in HAECs as demonstrated by immunofluorescence and electron microscopy ([Fig. 2](#f0010){ref-type="fig"}A, B). In addition, the inhibition of mitochondrial fragmentation by the Drp1 inhibitor normalized mitoROS levels ([Fig. 3](#f0015){ref-type="fig"}A, B). Moreover, we investigated the mitochondrial membrane potential using the JC-1 dye. The results showed decreased mitochondrial membrane potential in the hippurate group, which was reversed by co-treatment with the Drp1 inhibitor ([Fig. 3](#f0015){ref-type="fig"}C, D).Fig. 3Dynamin-related protein 1 (Drp1) mediates hippurate-induced endothelial dysfunction. (A, B) These cells were stained with MitoSOX Red to observe the change of mitochondrial ROS, and images were captured at× 200. (C, D) Changes in mitochondrial membrane potential (ΔΨm) by JC-1 staining (×200). A decreased ratio of J-aggregates/monomer indicated a decreased mitochondrial membrane potential in hippurate group, whereas Drp1 inhibition could preserve mitochondrial membrane potential. (E-G) Expression of endothelial dysfunction-related proteins under the hippurate and Drp1 inhibition treatment. \*P \< 0.05 vs. control, \#P \< 0.05 vs. 4 mmol/l 48 h hippurate.Fig. 3

3.5. Drp1 mediates hippurate-induced endothelial dysfunction {#s0110}
------------------------------------------------------------

We further determined the physiological significance of Drp1 in hippurate-induced endothelial dysfunction in vitro. As shown in [Fig. 3](#f0015){ref-type="fig"}E-G, pretreatment with mdivi-1 and Drp1-specific siRNA transfection increased eNOS expression and attenuated ICAM-1 and vWF expression in HAECs. These data support the vital role of Drp1 in hippurate-induced endothelial dysfunction.

3.6. CKD and hippurate cause endothelial dysfunction in vivo {#s0115}
------------------------------------------------------------

To validate the physiologic relevance of our in vitro data, we assessed endothelial function under conditions of CKD and hippurate treatment in vivo. Male Wistar rat assigned to the CKD group received 5/6 nephrectomy, and rats assigned to the hippurate group received daily i.p. injections of 50 mg/kg hippurate. The general characteristics of the rats are shown in [Table 1](#t0005){ref-type="table"}. Hippurate-treated rats displayed higher hippurate levels than control rats, with similar hippurate levels observed in ESRD patients, indicating that hippurate concentrations used for rat experiments are clinically relevant. 5/6 nephrectomy in the CKD group resulted in an almost sevenfold increase in plasma hippurate levels, which was consistent with the results of previous studies. Significantly higher serum creatinine levels were detected in the CKD group than in the sham group and no significant differences were observed between hippurate and control groups. Pathological observations of kidney tissue in different groups are shown in [Supplemental Fig. 2](#s0150){ref-type="sec"}.Table 1General characteristics of hippurate-treated rats and CKD rats.Table 1ParameterNormal ratsHippurate ratsSham-operated ratsCKD ratsSerum creatinine (µmol/l)32.0 ± 4.530.6 ± 13.429.2 ± 1.62140.7 ± 27.5[\#](#tbl1fnsym){ref-type="table-fn"}Triglycerides (mmol/l)0.67 ± 0.251.11 ± 0.18[\*](#tbl1fnStar){ref-type="table-fn"}0.58 ± 0.170.58 ± 0.17Cholesterol (mmol/l)1.65 ± 0.421.84 ± 0.151.76 ± 0.075.77 ± 1.27[\#](#tbl1fnsym){ref-type="table-fn"}Serum hippurate (µmol/l)6.35 ± 0.961972.2 ± 191.4[\*](#tbl1fnStar){ref-type="table-fn"}6.21 ± 1.0540.31 ± 1.98[\#](#tbl1fnsym){ref-type="table-fn"}[^1][^2]

We first identified whether CKD was associated with defective endothelial function. Compared with aortic rings from control rats, aortic rings from rats with CKD exhibited impaired Ach-mediated vasodilation ([Fig. 5](#f0025){ref-type="fig"}A) and reduced eNOS expression ([Fig. 5](#f0025){ref-type="fig"}E). In addition, endothelial dysfunction in CKD rats was reflected by elevated ICAM-1 and vWF levels ([Fig. 5](#f0025){ref-type="fig"}G, I, K). To determine whether the endothelial dysfunction in CKD rats is at least in part due to hippurate, we established a chronic hippurate model to increase plasma hippurate concentrations in healthy rats. Consistent with the CKD model, hippurate treatment significantly altered endothelial anti-inflammatory and antithrombotic properties in rats ([Fig. 5](#f0025){ref-type="fig"}C, F, H, J, L).

3.7. Upregulation of Drp1 expression and mitochondrial fragmentation in aortas of CKD and hippurate-treated rats {#s0120}
----------------------------------------------------------------------------------------------------------------

To determine whether mitochondrial fission is involved in endothelial dysfunction in vivo, we explored the expression of Drp1 in endothelium via immunohistochemical staining and western blotting. Aortas from hippurate-treated and CKD rats exhibited higher levels of Drp1 than did aortas from control rats ([Fig. 4](#f0020){ref-type="fig"}B-E). We further assessed mitochondrial morphology in the aortic endothelium via electron microscopy. Compared with those in control rats, mitochondria in the aortic endothelium of hippurate-treated rats became swollen and spherical, and the number of mitochondria increased, indicative of enhanced mitochondrial fission. However, mdivi-1 reduced mitochondrial fragmentation, thereby preserving mitochondrial morphology ([Fig. 4](#f0020){ref-type="fig"}A). In addition, the results of DHE staining showed an obvious increase in ROS production in hippurate-treated/CKD rat aortas, which was reversed by mdivi-1 ([Fig. 3](#f0015){ref-type="fig"}F-I).Fig. 4Drp-1 mediated mitochondrial fission contributes to oxidative stress in aortas of CKD and hippurate-treated rat. (A) Representative transmission electron micrographs of mitochondria in the aortic endothelium of hippurate-treated rat. (original magnification ×4200; scale bar =2 µm; enlarged magnification ×26500; scale bar =200 nm). (B-E) Expression of Drp1 in aortas of CKD and hippurate-treated rat analyzed by western blot and immunohistochemistry. (F-I) Intracellular ROS in aortas of CKD and hippurate-treated rat. Aortas were incubated with 5 mmol/l DHE in Krebs--Henseleit solution for 30 min and were observed under a fluorescence microscope (×100). \*P \< 0.05 vs. control/sham group.Fig. 4

3.8. Drp1 inhibition attenuates hippurate/CKD induced endothelial dysfunction in vivo {#s0125}
-------------------------------------------------------------------------------------

Finally, we sought to explore whether mdivi-1 treatment can attenuate endothelial dysfunction in hippurate-treated and CKD rats. Indeed, mdivi-1 treatment markedly improved endothelial-dependent vasodilation ([Fig. 5](#f0025){ref-type="fig"}A-D) and eNOS expression ([Fig. 5](#f0025){ref-type="fig"}E, F) and reduced vascular ICAM-1 and vWF expression ([Fig. 5](#f0025){ref-type="fig"}G-L). Immunoblot analysis of endothelial dysfunction-related proteins under conditions of CKD and hippurate treatment in vivo also confirmed the results ([Fig. 6](#f0030){ref-type="fig"}A-D). These data suggested that Drp1 inhibition improved endothelial function in hippurate-treated/CKD rats.Fig. 5Inhibition of mitochondrial fission attenuates endothelial dysfunction in CKD and hippurate-treated rat. (A, C) Endothelium-dependent vasodilator responses of CKD and hippurate-treated rat were measured in the presence of Acetylcholine (ACh) (10^−9^--10^−5^ mol/L). (B, D) Endothelium-independent vasodilator responses were measured in the presence of sodium nitroprusside (SNP) (10^−9^--10^−6^ mol/L). n = 5. Immunohistochemical staining for eNOS (E, F) and vWF (G, H) in aortas from CKD rat and hippurate-treated rat. Immunofluorescence staining for ICAM-1 (I-L) in aortas from CKD and hippurate-treated rat. \*P \< 0.05 vs. control/sham group, \#P \< 0.05 vs. hippurate/CKD group.Fig. 5Fig. 6Immunoblot analysis of endothelial dysfunction-related proteins under conditions of CKD and hippurate treatment in vivo. (A, B) Expression of endothelial dysfunction-related proteins (eNOS, ICAM-1, vWF) under conditions of CKD in vivo. (C, D) Expression of endothelial dysfunction-related proteins (eNOS, ICAM-1, vWF) under conditions of hippurate treatment in vivo. \*P \< 0.05 vs. control/sham group, \#P \< 0.05 vs. hippurate/CKD group.Fig. 6

4. Discussion {#s0130}
=============

Patients with CKD are at high risk of CVDs and suffer from endothelial dysfunction. The relationship between uremic toxins and CVD and the potential mechanisms have been topics of great interest and active research. Previous studies have evidenced the endothelial toxicity of many important uremic toxins, such as uric acid, asymmetric dimethyl-arginine (ADMA), cyanate, indoxyl sulfate and p-cresyl sulfate. Hippurate, a major protein-bound toxin, can increase ROS production and may be associated with endothelial dysfunction and CVD [@bib11], [@bib12]. However, there have been no studies that clearly explained the cardiovascular toxicity and detailed mechanism of hipputate. In this setting we tried to explore the role of hipputate in endothelial injury systematically. The results show that (1) hippurate promotes endothelial dysfunction by increasing mitoROS production; (2) Drp1 expression is upregulated in vitro and in vivo, and Drp1-mediated mitochondrial fission, at least in part, contributes to hippurate-induced endothelial dysfunction; and (3) the suppression of mitochondrial fission by Drp1 inhibition attenuates excessive mitoROS production and endothelial dysfunction. Our results suggest a causal link between hippurate and endothelial dysfunction for the first time. To the best of our knowledge, this is the first study to describe the role of Drp1 in mediating mitochondrial fission in uremia toxin-induced endothelial dysfunction.

CVD in patients with CKD, to a great extent, is attributed to endothelial dysfunction [@bib4]. The following approaches can be employed to assess endothelial dysfunction: (1) functional tests, mainly endothelial-dependent vasodilation and (2) assessment of soluble biomarkers implicated in hemostasis, adherence, inflammation, and angiogenesis [@bib22]. Nitric oxide (NO) is one of the most important vasorelaxant released by the endothelium. A reduction in eNOS levels is a marker of impaired endothelial function [@bib23], [@bib24]. Cellular adhesion molecules, such as ICAM-1 and vascular cell adhesion molecule-1 (VCAM-1), are expressed on the surface of activated vascular endothelial cells. ICAM-1 and VCAM-1 mediate the migration and adhesion of leukocytes to the vascular endothelium and promote the inflammatory response to accelerate atherosclerosis. Previous studies have indicated that one important signs of endothelial dysfunction is the overexpression of ICAM-1/VCAM-1 [@bib25], [@bib26]. In addition, upon endothelial dysfunction, cells release high levels of vWF, a glycoprotein involved in arterial thrombus formation, and this increase is also a marker of endothelial dysfunction [@bib27], [@bib28], [@bib29]. In this study, using a rat model of CKD, we first confirmed that endothelial dysfunction can occur in CKD because of defects in endothelium-dependent vasodilation and eNOS expression. Although hippurate has been considered an important uremic toxin and reported to accelerate renal damage [@bib30], its effect on the cardiovascular system, especially on the endothelium, has not been addressed. Here, we provide evidence that endothelial dysfunction associated with CKD is at least in part mediated by hippurate. We established a concentration gradient of hippurate based on the concentration of hippurate in dialysis patients and confirmed that in endothelial cells, hippurate suppresses eNOS expression and upregulates ICAM-1 and vWF expression in a time- and concentration-dependent manner. In line with our in vitro results, chronic accumulation of hippurate in rats also promoted endothelial dysfunction, which was reflected by the impairment of endothelial-dependent vasodilation, reduction in eNOS expression and elevation in the levels of soluble biomarkers (ICAM1 and vWF). Previous studies have indicated that hippurate can augment oxidative stress by increasing ROS production [@bib31]. ROS contributes significantly to endothelial dysfunction and even cardiovascular events [@bib32]. Our study clearly shows that hippurate enhances mitoROS production, consistent with the results of previous studies. Meanwhile, the normalization of mitoROS production could ameliorate endothelial dysfunction. Collectively, these findings suggest that ROS derived from the mitochondria may be a key pathophysiological mechanism in hippurate-induced endothelial dysfunction.

The mitochondria play a key role in maintaining cellular functions and are dynamic organelles that undergo cycles of fusion and fission [@bib33]. Accumulating evidence suggests that the disruption of mitochondrial dynamics and mitochondrial fragmentation is associated with mitochondrial oxidative damage and plays a causative role in the development of endothelial dysfunction. For example, endothelial damage and dysfunction under hypoxia/reoxygenation injury is thought to be due to increased mitochondrial fission [@bib16], [@bib34]. In diabetes, high glucose levels disrupt normal mitochondrial dynamics leading to excessive mitochondrial fission, and these changes are subsequently responsible for excessive ROS production and endothelial dysfunction [@bib15]. Mitochondrial fission is mainly modulated by Drp1, which triggers mitochondrial fission by binding with Fis1 or Mff on the mitochondria. In the current study, we observed altered mitochondrial morphology, reduced network, and increased Drp1 protein expression in endothelial cells exposed to hippurate and in hippurate-treated rats. Drp1 inhibition (via mdivi-1 or siDrp1) ameliorated hippurate-induced alterations in mitochondrial networks, ROS production and endothelial function, indicating the physiological significance of Drp1 and Drp1-mediated mitochondrial fission in hippurate-induced endothelial dysfunction.

Furthermore, we discuss the mechanisms of endothelial inflammatory response following release of mitochondrial ROS by hippurate. ROS can mediate atherogenesis and endothelial inflammation by direct oxidative damage and by regulating redox-sensitive transcription factor NF-κB. The accumulation of superoxide in endothelial cells can readily react with NO to form peroxynitrite, a compound that reduces NO bioavailability [@bib35]. ROS can also promote tetrahydrobiopterin (BH4) oxidation, leading to the uncoupling of eNOS in the endothelium and decreased production of NO [@bib36], [@bib37]. Besides, since eNOS-derived NO can prevent vascular inflammation [@bib38], either a decrease in NO production or an increase in NO degradation can further lead to endothelial inflammatory response. In addition to the direct detrimental effects of ROS on endothelium, many studies have demonstrated that elevated ROS also mediate endothelial dysfunction by regulating NF-κB. NF-κB is a redox-sensitive transcription factor that regulates many genes. In unstimulated cells, NF-κB exists in the cytoplasm as an inactive complex. Upon activation by ROS, active NF-κB can translocate into the nucleus and bind to κB consensus regulatory elements in the promoters of many responsive genes. Thus, NF-κB can change the expression of certain genes [@bib39]. In endothelial cells stimulated by cytokines (TNF-α) and uremic toxins (cyanate, uric acid), redox-sensitive NF-κB suppresses eNOS mRNA and protein levels by decreasing mRNA stability [@bib39], [@bib40], [@bib41], [@bib42]. Cytokines and toxins also activate the ICAM-1 and vWF genes through a cooperative interaction between NF-κB and C/EBP binding to a composite enhancer element within the proximal promoter [@bib43], [@bib44]. Based on the above studies, we find that most of these stimuli, in spite of their diversity, share similar signal pathway regulating endothelial inflammatory response via NF-κB. Thus, we speculate that NF-κB activation is also closely related to mitochondrial ROS and greatly contributes to hippurate-induced endothelial dysfunction in this setting. Further studies are required to confirm the role of NF-κB in the interaction between hippurate and endothelial cells.

5. Conclusion {#s0135}
=============

Our study supports a causal link between hippurate and endothelial dysfunction. Increased mitoROS via mitochondrial fission may be a contributing mechanism for endothelial dysfunction induced by hippurate.

Appendix A. Supplementary material {#s0150}
==================================

Supplementary material

Supplementary material

Supplementary material

Supplementary material

This work was supported by the National Sciences Foundation of China \[grant numbers 81471027, 81273968, 81072914 and 81401160\]; Ministerial projects of the National Working Commission on Aging \[grant number QLB2014W002\]; and The Four hundred project of 301 \[grant number YS201408\]; Beijing Nova Program \[grant number Z161100004916129\].

Conflict of interest {#s0140}
====================

The authors declare that they have no conflict of interest.

Supplementary data associated with this article can be found in the online version at [doi:10.1016/j.redox.2018.03.010](http://dx.doi.org/10.1016/j.redox.2018.03.010){#ir0005}.

[^1]: P \< 0.05 vs. normal rats.

[^2]: P \< 0.05 vs. sham-operated rats.
